Adaptation to stress requires coordinated interactions between the vascular and endocrine systems. Previously we demonstrated that restraint stress induces the expression of the major heat shock protein, HSP7O, in the adrenal cortex of the rat. Here we demonstrate that restraint also induces expression of HSP70 in the vasculafure. We further demonstrate that the adrenal and vascular responses are differentially regulated: the adrenal response is adrenocorticotropin dependent, whereas the vascular response is under adrenergic control. In addition, the adrenal response is restricted to members of the HSP70 gene family, whereas in vascular tissue the low molecular weight HSP, HSP27, is also induced by restraint. Further characterization of the vascular response revealed that HSP70 induction occurred in both the thoracic and abdominal aortas as well as in the vena cava. However, no HSP70 induction was apparent in the heart or in a wide variety of other tissues examined. In situ hybridization showed that the vascular expression was localized to the aortic smooth muscle cells with minimal expression in the endothelium. Induction of HSP70 mRNA in both the adrenal cortex and aorta was followed by an elevation in HSP70 protein. Maximum HSP70 protein levels were seen within 3-12 h after restraint, but declined thereafter. Stress induced HSP70 expression was dramatically reduced with age, which may explain, in part, the diminished tolerance to stress seen in elderly individuals. (J. Clin. Invest. 1993.91:465473.) 
Introduction
The mammalian stress response evokes a series of neuroendocrine responses that result in activation ofthe hypothalamic-pituitary-adrenal (HPA) l axis and the sympathetic nervous system ( 1, 2) . Interactions between these stress response systems occur at multiple levels including the brain, pituitary gland, adrenal gland, and peripheral blood vessel (3) . These interac-tions result in improved cardiovascular dynamics that enhance homeostasis (4) .
At the cellular level, stress results in the synthesis ofa family of proteins termed heat shock proteins (HSPs) (5, 6) . Though originally named on the basis of their induction after heat stress, HSPs are representative of a more generalized response to environmental and/or metabolic stressors. The ubiquitous nature of the heat shock response as well as its phylogenetic conservation suggests that the HSPs are essential for survival during or after stress (7) . Many HSPs are also expressed constitutively in the absence of stress and thus appear to play a vital role in normal cellular processes. Although the specific functions of all of the HSPs remain to be elucidated, there is evidence that several HSPs interact with other cellular proteins to assist in protein assembly, disassembly, stabilization, or transport (8, 9) . Interestingly, both HSP70 and HSP90 function as molecular chaperones assisting with the translocation of the glucocorticoid receptor from the cytosol to the nucleus (10) .
Most of our knowledge concerning the homeostatic role of HSPs has come from studies on cultured cells (1 1-13). Much less is known about their expression in vivo, although it is clear that HSPs are induced in the intact animal in response to localized injury (spinal cord trauma, head injury, or reperfusion injury) and systematically after heat stress (14) (15) (16) . Elevated levels of HSPs also occur in certain chronic disease states in humans (17) (18) (19) . Previously, we reported that restraint, a mild physiologically relevant stress, induces HSP70 mRNA expression in the adrenal cortex of the rat (20) . The response was shown to be dependent on an intact HPA axis and to be mediated by adrenocorticotropic hormone (ACTH). We have also demonstrated that HSP70 mRNA induction occurs after moderate surgical stress in both the adrenal cortex and the vasculature, but not in any other of a dozen tissues examined (21 ) . This vascular response, which may have broad ramifications, has not been well characterized.
Accordingly, we examined whether HSP expression is also induced in the vasculature in response to restraint stress. We demonstrate that restraint results in marked induction of both HSP70 and HSP27 mRNA in the vasculature of the rat. This rodent restraint model was used to further characterize this vascular stress response in conscious animals. We sought to determine (a) the endocrine regulation ofthis response, (b) the relationship between mRNA induction and HSP70 protein expression, (c) the anatomic localization of HSP70 expression within the vasculature, and (d) the effects of aging upon this response.
Methods
Animals. Adult male Wistar rats ranging in age from 6 to 7 mo were obtained from the Gerontology Research Center Animal Colony. This colony is fully accredited by the American Association for Accredita-tion of Laboratory Animal Care and is monitored for viral, bacterial, and parasitic infection. 6-mo (young adult) and 24-mo (old) male Fischer 344 rats were obtained from the animal colony maintained by Charles River Breeding Laboratory (Wilmington, MA) for the National Institute on Aging. All animals were acclimated in individual cages at the Gerontology Research Center for at least 1 wk before experimentation and were maintained on a light/dark ( 12 h/ 12 h) cycle at 240C and given food and water ad libitum except during experiments. All procedures were performed according to protocols approved by the responsible institutional committees in accordance with guidelines established by the National Institutes of Health.
Restraint model. Conscious rats were restrained by placement in clear ventilated plexiglass chambers for a 60-min interval under normothermic conditions between 0800 and 0900 h (20) . After this stress or immediately upon removal from their holding facility (control group) the animals were killed by decapitation. Trunk blood was collected for subsequent radioimmunoassays and the aortas, vena cavas, and adrenal glands were harvested. In limited experiments addressing the specificity of the response, a variety of additional tissues were also removed.
RNA extraction and Northern analysis. Freshly harvested tissues were homogenized and the RNA was extracted with RNAzol B (Cinnabiotex, Friendswood, TX). Total RNA (10 ytg per lane) was fractionated by electrophoresis on formaldehyde-agarose gels and transferred to nylon membranes (Gene Screen Plus, DuPont, Boston, MA). Hybridizations were performed using a 32P-labeled cDNA HSP70 probe as previously described (22 or ACTH (0.25 U) and either underwent a 60-min restraint interval or were left in their holding facility for 60 min of "nonrestraint." The animals were then killed, the adrenal glands were weighed, and total RNA was extracted from the adrenal glands and aortas.
Adrenergic manipulation model. In order to test the effects of adrenergic receptor blockade upon HSP70 expression, groups (n = 8 per group) of male Wistar rats (6-8 mo) received an acute intraperitoneal injection of either saline, the a,-adrenergic blocking agent, prazosin (1 mg/kg), or the fl-adrenergic blocking agent, propranolol (20 mg/kg). After drug (or saline) administration the animals remained in their holding facility for 30 min and were then subjected to restraint stress for 60 min as described above.
In vivo adrenergic stimulation model. (25) . Six animals were used per group. To determine ifthis dose ofphenylephrine had significant hemodynamic effects, another group of rats (n = 6 per group) underwent light anesthesia with thiopental (40 mg/kg i.m.) followed by insertion of polyethylene catheters via the common femoral artery and vein into the abdominal aorta and inferior vena cav#, respectively. The aortic catheter was connected to a pressure transducer (COBE, Lakewood, CO) and a blood pressure analyzer (Micro-MED, Inc., Louisville, KY). A bolus injection of phenylephrine or saline was then administered via the vena cava catheter and hemodynamic measurements were made every 10 s for the first 5 min and every min thereafter for 60 min.
In situ hybridization. Freshly harvested aortas from restraint and control animals were frozen, sectioned ( 14 Mm), and placed side by side on individual slides so that hybridizations could be performed under a single coverslip. Hybridizations were performed with an 35S-labeled synthetic oligonucleotide (5 'CGATCTCCTTCATCTTGGTCAG-CACCATGG-3') that selectively recognizes induced HSP70 transcripts in the rat ( 14) . This oligonucleotide is complementary (antisense) to the transcribed mRNA sequence of the human HSP70 gene encompassing amino acids 21-30 (26) . Hybridizations were performed as previously described (27) . After hybridization (24 h) the slides were immersed in photographic emulsion (Kodak NTB2), dried, and stored for 2 wk before development and washing. Specificity of hybridization was tested by each of the following: (a) treatment with 100-fold excess cold oligonucleotide, (b) pretreatment of slides with RNase prior to hybridization, and (c) hybridization with a labeled oligonucleotide complementary (sense strand) to the sequence given above.
Hormone assays. Trunk blood was collected in prechilled EDTA tubes. Samples were centrifuged within 20 min to recover plasma which was stored at -80°C. ACTH and corticosterone were extracted from the plasma (Sep-Pak C18 cartridge, Waters Associates, Milford, MA) and measured by radioimmunoassay as previously described (28) . All samples were analyzed in duplicate in a single assay to eliminate interassay variation. The intra-assay coefficients of variation and assay sensitivities were 6.5% and 25 pg/ml for ACTH and 10.6% and 0.3 Mgg/dl for corticosterone.
Statistical analysis. Five to eight animals were examined for each experimental condition. Results are expressed as the mean ± SEM. Analysis of variance (ANOVA) was performed when more than two groups were compared, and when significant (P < 0.05), a NewmanKeuls multiple comparison test was applied to test for differences between individual groups (29) . When two groups were compared a twotailed Student's t test was applied.
Results
Induction of HSP expression in adrenals and aortas of restrained rats.
Northern analysis was used to examine the relative level of expression of different HSP70 mRNA transcripts in the adrenals and aortas of control (C; unrestrained) rats, and rats exposed to 60 min of restraint (R). In the absence ofstress, only a single 2.3-kb transcript, corresponding to the constitutively ex- pressed HSP70 gene (HSC70) (26) , was observed in either tissue (Fig. 1 ) . Basal levels ofthis transcript were higher in the adrenal gland than in the aorta of unstressed rats, but in both tissues the magnitude ofexpression increased after restraint. In addition, restraint resulted in the appearance of two additional higher molecular weight transcripts which correspond to stressinducible members of the HSP70 gene family in the rat (26) . The magnitude ofthe aortic HSP70 induction exceeded that of the adrenal (Fig. 1, left) . The level of HSP70 induction was quantified by laser densitometry of Northern blots obtained from six control and six restraint-stressed animals. Accuracy of loading and transfer was confirmed by hybridization with an 1 8s specific oligonucleotide probe. The results are expressed as the mean ± SEM level of HSP70 induction and a two-tailed student's t test was used to compare restraint and control groups ( Fig. 1, right) .
The vascular response was not limited to the arterial circulation as HSP70 expression was also induced in the vena cavas of restrained animals (Fig. 2) . However, no induction of HSP70 expression occurred in the hearts of the stressed animals (not shown). Other tissues that failed to demonstrate a stress-induced increase in HSP70 mRNA expression included the brain, pituitary, thyroid, lung, liver, kidney, small bowel, gracilis muscle, spleen, and thymus. Multiple RNA blots were stripped and reprobed with cDNAs corresponding to HSP89I3 (HSP90) and HSP27 genes to determine iftheir expression was similarly increased after restraint. Consistent with our previous observations (20) , no significant increase in the expression of either of these HSPs was apparent in the adrenal glands of the stressed animals. In addition, no induction of HSP89fl (HSP90) was apparent in the aortas ofthese animals. However, expression of HSP27 was markedly increased in the vessels of the restrained animals (Fig. 3) .
To determine if induction of HSP70 mRNA resulted in increased expression of HSP70 protein, Western analysis was performed using an antibody that selectively recognizes stressinducible (but not HSC70) members ofthe HSP70 gene family in the rat. Samples of adrenal, aortic, and heart tissue were pooled from six separate animals at various times following restraint (Fig. 4) . HSP70 protein was present in both adrenal and aortic tissues even in the absence of stress (C). However, the level of HSP70 protein increased after stress, with maximal levels apparent in both tissues 3-12 h after removal of the animal from the stress. In keeping with the lack of HSP70 mRNA induction by restraint in the heart, myocardial tissue showed no significant change in HSP70 protein levels following restraint stress. Heat stress (HS), however, was capable in inducing HSP70 expression in this tissue. nonrestraint or restraint conditions (Fig. 5) . This is consistent with our previous finding that hypophysectomy eliminates restraint-induced adrenal HSP70 expression (20) . Animals that received acute ACTH treatment, however, showed elevated levels of HSP70 mRNA in the adrenals under both nonrestraint and restraint conditions. Dexamethasone, like saline, did not influence HSP70 expression in the adrenal. Therefore, in the adrenal gland, ACTH, but not glucocorticoid, was capable of inducing HSP70 mRNA expression. Elevated HSP70 mRNA levels were seen in the aortas of hypophysectomized animals after restraint regardless of the presence or absence of either dexamethasone or ACTH. Likewise, in the absence of restraint these hormone treatments had little effect on HSP70 expression in the vasculature. Thus, in contrast to the adrenal response, which shows an absolute requirement for ACTH, vascular HSP70 expression is not dependent upon the HPA axis. It is worth noting that there is a suggestion that ACTH may have potentiated restraint-induced aortic HSP70 expression, while dexamethasone appears to have reduced the magnitude of this response. These changes, however, failed to achieve statistical significance when compared to saline treated control animals.
Adrenergic manipulation model. To investigate the possible contribution ofthe sympathetic nervous system to restraint-induced HSP70 mRNA expression in the vasculature, intact rats were given an acute injection ofeither saline, the a,-adrenergic blocking agent, prazosin ( 1 mg/kg), or the f3-adrenergic blocking agent, propranolol (20 mg/kg), before 60 min of restraint. Animals that received a saline injection (SALINE) followed by 60 min of restraint showed a marked induction of HSP70 mRNA in the aorta relative to untreated rats sacrificed immediately upon removal from the housing facility (nonrestraint) (Fig. 6, top) . Administration of either the a,-or f3-adrenergic blocking agent dramatically attenuated the aortic response (prazosin, 17-fold reduction; propranolol, 2.7-fold reduction compared to the restraint-stressed saline-treated control group). These adrenergic blocking agents did not affect the adrenal HSP70 mRNA response (Fig. 6, top) . Adrenergic receptor blockade also reduced the level ofHSP27 mRNA induction in the aorta in a parallel fashion (Fig. 6, bottom) . Thus, the vascular response, but not the adrenal response, is subject to adrenergic regulation. In vivo adrenergic stimulation
In order to directly test the effects of a,-stimulation in vivo we developed a chronic intravenous catheterization model. Central venous administration of the a1-agonist phenylephrine resulted in marked induction of aortic HSP70 mRNA (Fig. 7,  left) . Analysis of this effect in six control and six phenylephrine-treated animals is shown in Fig. 7 (right) . This a1-adrenergic agonist also caused a significant rise in the mean systemic blood pressure (baseline, 123±6 mm Hg; peak, 168±10 mm Hg), systolic blood pressure (baseline, 146±8 mm Hg; peak, 205±13 mm Hg), and diastolic blood pressure (baseline, 109±5 mm Hg; peak, 147±8 mm Hg) with a concomitant fall in heart rate (baseline, 353+28 bpm; nadir, 263±27 bpm) one min after administration. These hemodynamic parameters returned to baseline by 5 min after phenylephrine administration.
In situ hybridization
To identify which cells within the aorta were responsible for the elevated HSP70 mRNA levels seen in whole tissue in situ hy- 468 Udelsman et al. bridization was performed. Tissue sections from aortas ofcontrol and restrained rats were hybridized with a 30-bp oligonucleotide that recognizes only stress-inducible HSP70 transcripts (14) . In keeping with the Northern analysis, strong hybridization was seen in the aortas of restrained but not control rats (Fig. 8) . Expression was localized predominantely to the smooth muscle layers in the media with minimal expression in the endothelial cell layer (intima). The specificity ofthis in situ hybridization was demonstrated in three ways: (a) competitive hybridization with 100-fold excess cold oligonucleotide, (b) pretreatment of sections with RNase before hybridization, and (c) hybridization of slides with a labeled sense oligonucleotide.
In each of these control conditions binding ofthe oligonucleotide to HSP70 mRNA was eliminated.
Aged animal model
Aged animals and man show diminished tolerance to stress (30-32). We have previously demonstrated that the adrenal HSP70 mRNA response to restraint is attenuated with age (20) . Fig. 9 (top) shows the results ofan experiment comparing HSP70 expression in the adrenals and aortas of individual young adult (6 mo) and aged Fischer (24 mo) rats subjected to restraint. A marked attenuation of stress-induced HSP70 expression was seen in both tissues ofaged rats compared to those seen in young adult animals. Quantitative analysis of HSP70 induction in young-adult (6 mo) and aged (24 mo) Fisher rats is shown in Fig. 9 , bottom (n = 7-8 rats per group). The vascular attenuation was dramatic, with at least a 20-fold diminution in aged animals. Induction of aortic HSP27 mRNA was also reduced in aged restraint stressed animals (young-adult control HSP27 relative optical density 191±27 vs. aged restraint stressed relative optical density 40±24).
Blood samples obtained at the time of sacrifice from the eight control and eight restrained animals from each age group were analyzed to determine ACTH and corticosterone (the major glucocorticoid in the rat) levels. Although both groups demonstrated typical stress hormone responses, no significant differences were seen between the young and aged animals under either basal or stress conditions (Table I) .
Discussion
We reported previously that restraint results in an acute induction ofHSP70 mRNA in the adrenal cortex ofrats and that this response was dependent on ACTH (20) . Here we demonstrate that this mild physiologically relevant stress also induces the rapid expression of HSP70 mRNA in aorta and vena cava of these rodents. In both the adrenal and vascular tissues, mRNA induction is followed by an increase in HSP70 protein expression. There are several important differences between adrenal and vascular HSP70 induction. First, the responses are differentially regulated. Vasculature HSP70 expression is not dependent on the HPA axis; rather it is subject to adrenergic control and is induced after a1-adrenergic stimulation. Adrenal expression, on the other hand, is mediated via ACTH and is not dependent on adrenergic stimulation. Second, the response in the adrenal gland appears to be restricted to members of the HSP70 gene family, whereas in the vasculature, HSP27 expression is also highly induced in response to restraint. This finding is of particular interest as HSP27 has recently been implicated in mediating sustained gastrointestinal smooth muscle contraction in response to the neuropeptide bombesin (33 (40, 41) . Such studies support the notion that stress-induced HSP expression is part of a protective or adaptive response and not merely an epiphenomenon (42, 43) . In a single study in vivo, expression of HSP70 protein in rabbit retina after a mild heat stress was correlated with protection of this tissue from subsequent light damage (44) . It is important to emphasize that most conditions or treatments known to elicit HSP expression are characterized by serious injury to cells or tissues. This is particularly true in vivo where induction of HSPs has been shown to occur in response to conditions such as ischemia/re- showing that ACTH and corticosterone levels in blood are elevated to a similar degree in both young and aged animals after restraint, make them unlikely explanations for the age-related decline in adrenal HSP70 expression. A more likely explanation for this age-related decline is that the deficit lies in a common pathway leading to activation ofHSPs. We favor this possibility since both the adrenal and vascular responses are depressed with age and two different HSPs (HSP70 and HSP27) are affected. HSP gene expression is controlled primarily at the level of transcription ( 13) . Enhanced expression occurs as a result of stress-induced activation of one or more heat shock transcription factors that bind to a heat shock element in the promoter regions of HSP genes (50) . Heat shock transcription factor binding to the heat shock element generally, but not always, results in an increased rate of HSP transcription (51 ).
We have shown that binding ofheat shock transcription factors to the heat shock element is activated in both the adrenal gland (20) and aortas (unpublished results) after restraint. Recent studies have provided evidence that an age-related decline in heat-induced HSP70 expression in heat-stressed senescent fibroblasts is correlated with their failure to achieve significant activation of heat shock transcription factors (52) (53) (54) . It is possible that a dysfunction in the signaling mechanism(s) leading to heat shock transcription factor activation is intrinsic to the aging process. Regardless ofthe mechanism responsible for the age-related decline in restraint-induced HSP expression, the impaired ability ofthe aged animals to mount this response could contribute to the diminished stress tolerance seen in elderly individuals where there is an increased incidence ofvascular disease.
